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Abstract. Prediction of fatigue crack growth is one of the vital issues to prevent catastrophic 
failure from damage tolerance perspective. The surface of crack shape usually in semi-elliptical 
that maintained during the whole propagation. The investigation of this paper is to illustrate the 
surface crack growth that subjected to fatigue loading. The four-point bending and three-point 
bending have been simulated by using the S-version Finite Element Model (S-FEM). The 
simulation is conducted for aluminium alloys A7075-T6 and A2017-T3 with all of the 
parameters based on the previous experiment. The semi-elliptical crack shape is applied during 
the simulation process to represent with the reality of crack growth phenomena. Paris’ Law 
model approach is presented in fatigue crack growth simulation. The S-FEM produced the 
surface crack growth and fatigue life prediction. The results of the S-FEM prediction then 
compared with the previous experiments. The results presented in a graph for comparison 
between S-FEM prediction with the experimental results. The S-FEM results obtained is good 
agreement with the experiment results. 
1. Introduction 
The defects play an important role in imparting properties to materials. Defects on the materials for 
instances initial cracks or imperfections that could happen to the materials is important to be studied. 
The crack normally affected mechanical behaviors and structures of materials as defect. Then, the 
performances and components of the materials are changed naturally. The best word that can describe 
the crack also known flaw. Crack is formed from the initial flaw in materials structure when load is 
applied. When the flaw reaches a critical size, the crack may propagate in this condition. The 
catastrophic failure is presented in the materials component [1]. Nowadays, an indication of initial flaws 
is the main source that affecting the structural materials. It is produced by impact for the critical failure 
in the engineering industries for instance automotive, aerospace and others. Initial flaw size of the crack 
growth is one of the factor for the failure occurred. The initial flaws size can be modeled to investigate 
the fatigue life of the materials [2], [3]. The fatigue crack growth model is simulated with the numerical 
method using the powerful computational tools. 
 Fatigue crack growth an embedded crack is studied with some parameters likes crack shapes, sizes 
and stress ratio. It is to investigate the fatigue crack growth behavior of interacting cracks. The crack 
growth is simulated by using the finite element method (FEM). It is able to characterize an arbitrary 
crack in FEM with meshing. The initial crack is beginning of degradation at crack initiation. The 
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simulation can meet the criterion of crack initiation when it started [4]. The computational effort 
becomes very large when the iterations of crack propagation increase. Extended FEM is used to avoid 
mesh dependent difficulties in the modeling of crack growth problems. It is used as the partition of unity 
enrichment [5]. The function of the shape in FEM is the most vital enrichment function. FEM application 
in LEFM has formed the enrichment function as well as singular crack tip expansion functions. It is used 
to define the displacement or stress contours with a 3D crack in an elastic medium accurately. The global 
error is controlled by the quality of local error. If the local error is presented in high enrichment function, 
it is expected good global accuracy as well [6]. The meshing problems and difficulties of embedded 
crack shape is resolved with some improvements in FEM. 
 The extended version can be applied to improve the quality of FEM calculations by using the existing 
adaptive techniques such as h-version and p-version. The h-version is used for mesh refining and the p-
version is used for increased the polynomial order. The finite element mesh based on the h-version has 
subdivided the elements in the same order into the small elements. It is purposed to get fine the in the 
meshing of the elements. The p-version is used to increase the polynomial order approximation in the 
same mesh [7]. The p-version lefts the mesh unchanged and increases the polynomial degree of the 
shape functions locally or globally [8]. Lastly, the combination for both of them can increase the 
polynomial degree and mesh refinement. It is called as S-version that has a great advantage to utilize 
[9], [7], [10]. The S-version has increased the resolution the higher order hierarchical elements by 
superimposing additional meshes. The s-version is implemented in FEM as S-FEM to solve the various 
problems. The S-FEM is applied on surface crack growth to know its lifetime and crack propagation 
based on it parameters [11].  
 In numerical method, the problem is about meshing process between the model with the initial crack 
shape. The prediction of fatigue life is difficult to compute when the fracture start propagates and failure. 
This paper presents the analysis of S-FEM for fatigue surface crack. The objective of this paper is to 
illustrate the surface crack growth under bending fatigue loads. The fatigue life is computed and 
presented in this paper simultaneously. The S-FEM is used as a method to solve the fatigue crack growth 
for the fatigue crack growth model. In this study, the results from the S-FEM simulation for four-point 
bending and three-point bending is compared with previous researcher’s experimental results. 
2. Materials 
The Aluminium alloy A7075-T6 is used for aircraft parts in the aircraft industry. The aluminum alloy 
was a ductile metal which can be easily formed while being resistant to loads and stress. The aluminium 
alloy with zinc as the primary alloying element. It was strong with strength comparable to many sheets 
of steel, and had good fatigue strength and average machinability. The 7075 aluminum alloy's 
composition roughly includes 5.6 - 6.1 % zinc, 2.1 - 2.5 % magnesium, 1.2 - 1.6 % copper, and less than 
a half percent of silicon, iron, manganese, titanium, chromium, and other metals. Table 1 shows the 
parameter detail for four-point bending of Aluminium alloy A7075-T6.  
 
Table 1. Input for Aluminium alloy A7075-T6 from Ohdama et al. [12]. 
Variable Value 
Critical stress intensity factor, KIC 29 MPa∙√m 
Fatigue power parameter, n 2.88 
Tensile Strength, Yield 691 MPa 
Young’s modulus, E 71.7 GPa 
Paris coefficient, C 6.54x10-13 
Threshold value, ΔKth 5.66 MPa∙√m 
Maximum crack growth increment, 
damax 
1.3 mm 
Initial crack length, c 4.5 mm 
Initial crack depth, a 3.5 mm 
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 Aluminium alloy A2017-T3 is widely used commonly in the manufacture of aircraft components, 
screw machine products and fittings, pulleys, gauges, coat hangers, and in crochet and knitting needles. 
The chemical composition of Aluminium alloy A2017-T3 was included 91.5 - 95.5 % aluminium, 3.5 - 
4.5 % copper, 0.7 % iron, 0.4 - 1 % manganese, 0.4 - 0.8 % magnesium, 0.2 - 0.8 silicon, 0.25 % zinc, 
0.15 % titanium and 0.1 % of chromium. The input details for Aluminium 2017-T3 three-point bending 
is shown in the Table 2.  
 
Table 2. Input for the Aluminium alloy A2017-T3 from Kikuchi et al. [13]. 
Variable Value 
Critical stress intensity factor, KIC 26 MPa∙√m 
Fatigue power parameter, n 2.93 
Tensile Strength, Yield 333 Mpa 
Young’s modulus, E 70.2 Gpa 
Paris coefficient, C 2.66x10-10 
Threshold value, ΔKth 6.7 MPa∙√m 
Initial crack length, c 2.85 mm 
Initial crack depth, a 5.00 mm 
3. Methodology 
3.1 Four-point bending and three-point bending 
Generally, the S-FEM concepts applied in this simulation to analyze the surface crack growth. The semi-
elliptical crack shape introduced at the center of the models [14], [15]. The four-point bending model 
with 2b = 65 mm, 2h = 160 mm and t = 25 mm developed in the S-FEM as shown in the Figure 1 (a). 
The crack propagated based on the simulation until the fracture propagated completely. The semi-
elliptical crack shape is located at the center for this specimen model. An initial crack shape aspect is 
with a = 3.5 mm and 2c = 4.5 mm. 
 By referring to the Figure 1 (b) that shows the details of the dimension for the geometry of three-
point bending of Aluminium alloy A2017-T3 with 2h = 150 mm, 2b = 50 mm and t = 15 mm. The 
model was simulated in S-FEM by the followed the input parameters. There are three stages of fatigue 
crack growth. The first one is crack initiation, the second one is fatigue crack propagation and lastly is 
fatigue failure propagation. The semi-elliptical crack shape as an initial crack was designed with a = 5 
mm and 2c = 2.85 mm.  
 
t
2b
2h
2c
a
y
x
z
2c
a
 
(a) Details dimensions of four-point bending model with a semi-elliptical crack shape for Aluminium 
alloy A7075-T6. 
1st International Postgraduate Conference on Mechanical Engineering (IPCME2018)
IOP Conf. Series: Materials Science and Engineering 469 (2019) 012011
IOP Publishing
doi:10.1088/1757-899X/469/1/012011
4
 
 
 
 
 
 
 
 
(b) Details dimensions of three-point bending model with a semi-elliptical crack shape for Aluminium 
alloy A2017-T3. 
 
Figure 1. The geometry of four-point bending of (a) and three-point bending of (b). 
 
Based on the Figure 2 (a) the model for four-point bending is shown in a completely meshing process 
with a boundary condition such as loads and constraint.  The model used 0.1 as stress ratio to produce 
beach marks at the surface fatigue crack. The model (a) is conducted with 45 kN as a loading in cyclic 
load. The use of 45kN is to ensure it discovered in fatigue region, which affirmed that the fatigue would 
occur for the dimensions of this material. The crack shape aspect ratio, a/c was 0.8. The three-point 
bending was shown in Figure 2 (b). The 9 kN as a load is applied repeatedly on the surface model (b) 
with a stress ratio also 0.1. The crack aspect ratio, a/c for the model (b) was 1.7.  According to the input 
parameters to the previous experimental specimens on Table 1 and Table 2. The models simulated in S-
FEM for prediction the surface crack and fatigue life. 
 
Load 
Constraint
Semi-elliptical crack
 
(a) Model four-point bending in S-FEM 
Load
Constraint
Semi-elliptical 
crack 
 
 (b) Model three-point bending in S-FEM 
 
Figure 2. Overlaid local mesh in wireframe view and global mesh with boundary condition. 
3.2 S-version Finite Element Model (S-FEM) 
The concept of S-FEM was exhibited in Figure 3 that implemented on this surface cracks growth 
analysis. The concept consists of two parts area such as local and global area. These two parts of the 
area are important to generate the meshing process of the model analysis. The local area was discovered 
the crack tip meshing and the global area discovered for the whole model. 
 
2h
2b
t
2c
a
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Figure 3. The concept of S-FEM. 
 
The two of parts meshing combined as followed as S-FEM concept. The different orientation of mesh 
produced such as coarser mesh and finer mesh. The global area generated by coarser mesh and the finer 
mesh was generated for the local area. The crack tip discovered by the local area during the creation of 
the local mesh, L . The global mesh, G is produced for the whole global area. The local mesh 
subsequently enveloped onto the global mesh. The boundary of each area represented as  . The global 
area applied by the boundary of constraint displacement, u , and the boundary of force, t . The local 
area embedded in the global area is represented as overlay boundary, GL . The overlay boundary 
examined to compute the displacement of each node. The displacement in the overlaid area is computed 
from the local and global meshes as follows:  
 
 
  
( )
( )                
( ) ( )    
G G L
G L L
u x x
u x
u x u x x
  −
= 
+   
 
(1) 
The strain at the overlaid area is computed by the calculation of the summation from the strain at the 
local and global area as follows: 
 
( ) ( ) ( )G Lx x x  = +  
 
(2) 
The equation of principal of virtual work is related to the stress and strain relationship as follows: 
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(3) 
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Where G L−  represents the non-overlay area. In matrix form, the equation for S-FEM is: 
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where  
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The [𝐵] is the displacement-strain matrix and [𝐾] matrix is the stiffness matrix for local and global in 
the overlaid area. The nodal force, {𝐹𝐿} at the local area and the nodal force, {𝐹𝐺} at global area 
respectively. The displacement of each node is calculated by computing the Eq. (4) for both global and 
local meshes. The local mesh is changed the size and global mesh is not affected for it. The re-meshing 
process can be generated for a local area alone. The re-meshing process is needed for the fatigue crack 
growth model. Based on the Figure 2, it shown the combination of local mesh with the global mesh. The 
combination is applied based on the boundary condition such as loading and constraint. In every 
iteration, the local mesh crack growth is expanded time by time until the fracture completed. The value 
of energy release rate is calculated for every new size of local mesh. The stress intensity factor (SIF) 
obtained based from the calculation of energy release rate. 
 
  ,I IK EG=   ,II IIK EG=   2III IIIK G=  (5) 
   
𝐸 is Young’s modulus of elasticity under the plane stress condition. For the plain strain condition the 
equation as follows E/1-𝑣2.The 𝑣 is a Poisson’s ratio. Fracture is analyzed by using the of linear fracture 
mechanics concepts; the crack propagation condition is assumed to be based upon the critical energy 
release rate. The energy release rate utilized in the crack growth analysis.  
 
The Virtual Crack Closure Method (VCCM) is applied in this analysis to determine the energy release 
rate [16]. The VCCM is examined the crack tip opening displacement that located near to the crack 
front. The VCCM then been calculated by using the according to the equation: 
 
 
  
5
1
1
2
I I I
Total i iJ
I
G C v P
w =
=

  (6) 
 
where 𝐼 is a nodes number that be located around the crack tip. The nodal force, 𝑃𝑖
𝐼 and the opening 
displacement, 𝑣𝑖
𝐼  at the five nodes at the front edge of the crack front. The triangle shape, ∆ is the width 
of the element in the radial direction. The width of the element parallel is 𝑤 𝐽 to the crack front. The 
constant 𝐶𝐼 is expressed as: 
 
 
  
1 2
1
C C ,
J
J J
w
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= =
+
  3C 1,=   4 5
1
C C ,
J
J J
w
w w−
= =
+
 (7) 
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The crack plane with a certain condition with VCCM implementation. The segments are used to define 
the displacement and stresses. The areas of the element before, 𝑆2
𝐽
 and after, 𝑆1
𝐽
  crack front are expressed 
as: 
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(8) 
 
The energy release rate, implemented by [16]. The equations are shown below: 
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(12) 
 
where 𝑣𝑖 is the crack opening displacement at the crack face and 𝜎3𝑖 is the cohesive stress at the local 
axis, 𝑥3. Then, the energy release rate can be converted to the ∆𝐾𝑒𝑞 via Eq.(5). The crack growth rate is 
expressed by Paris’s law equation as follows: 
 
 
  
( )
n
eq
dn
C K
dN
=   (13) 
 
Where 𝑁 and 𝑑𝑎 are the number of cycles and crack growth increment, respectively. 𝐶 and 𝑛 coefficients 
are material constants. The crack length is presented as:  
 
 
  ( )
n
eqda C K dN=    (14) 
 
The ∆𝐾𝑒𝑞 is the equivalent SIF. It is a parameter that associated with the fatigue crack growth rate under 
mixed-mode conditions. The equivalent SIF ∆𝐾𝑒𝑞 is presented by: 
 
 
  
( ) ( )
2 22
1
1
4 1.155 4
2 2
I
eq II III
K
K K K K

 = +  +  +   (15) 
 
The crack growth angle,   is influenced by the value of 𝐾𝐼, 𝐾𝐼𝐼, and 𝐾𝐼𝐼𝐼. Based on Richard et al. [17], 
the crack growth angle can be calculated as follows: 
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where 0
  for 0IIK   and 0
  for 0IIK   and 0IK  .  
4. Results and discussion 
Figure 4 illustrated the beach marks for the surface crack growth of four-point bending and three-point 
bending model. Fracture surface is propagated when it reached a critical size. The models produce six 
beach marks based on their cycles of fatigue loading.  
 
Beach mark 1 Beach mark 2
Beach mark 5 Beach mark 6Beach mark 4
Beach mark 3
 
(a) Surface crack for four-point bending. 
 
Beach mark 1 Beach mark 2 Beach mark 3
Beach mark 4 Beach mark 5 Beach mark 6
 
(b) Surface crack for three-point bending. 
Figure 4. The beach marks for surface fatigue crack. 
 
Figure 5 shows the crack depth, a versus crack length, c in the fatigue crack propagation. The surface 
crack from the four-point bending experiment produces five beach marks. The line of beach marks is 
presented in the graph by its coordinate for a comparison. The crack is propagated from the initial flaws 
until completely fracturing. The S-FEM are produces another beach marks to compare with experiment. 
Based on the results obtained, it has been observed that the beach marks for experiment between S-FEM 
slightly different. The initial beach marks for S-FEM was marginally similar as the experiment and 
changed slightly until it fractures. The point of crack length for S-FEM was slightly differences between 
surface crack from the experiment. While the point of crack depth for S-FEM is moderately far apart 
from the experiment. In the overall graph, the S-FEM result is valid with experiment results. The surface 
fatigue crack is computed by following Paris’s law theory which stated in Eq. (15) and (16). 
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Figure 5. The comparison surface cracks for four-point bending between Ohdama et al. [12] 
experiment. 
 
The crack length, c versus the cycles, N where a time period to crack propagate until it failure is 
shows in Figure 6. The fatigue life comparison from experiment between S-FEM is illustrated in Figure 
6. The S-FEM is reached a maximum point at 20 mm crack length with 136382 cycles. While the 
experiment is reached a maximum point at 20 mm for crack length with 473367 cycles. There are 
significant differences of a maximum point between S-FEM and experiment. The S-FEM fatigue life is 
quickly reached a failure compare with the experiment. So the numerical method is investigated in code 
S-FEM at part of Paris’ Law equation.  The S-FEM calculated the higher value of stress intensity factor 
(SIF) for mode I, so due to that fact the prediction fatigue life becomes shorter. The value of SIF in S-
FEM is difficult computation at the nodes of three dimensional crack front. 
 
 
 
 
Figure 6. The fatigue life of four-point bending. 
 
The experiment result from Kikuchi et al. [13] is presented to compare with S-FEM result for fatigue 
life of Aluminium 2017-T3 in three-point bending. The Figure 7 illustrated the fatigue life with the crack 
length, c versus cycles, N until it failure crack propagation. The S-FEM result is achieved maximum 
point at 14 mm of crack length and 44463 N of cycles. Then, the experiment is reached a maximum 
point at 14 mm of crack length with 43856 N of cycles. The comparison of S-FEM and experiment are 
slightly accurate as a prediction. So, the meshing process for global and local are seemly corrected when 
simulated in S-FEM. 
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Figure 7. The fatigue life of Aluminium 2017-T3. 
5. Conclusions 
The crack growth surface is simulated by S-FEM and it is useful for prediction of a surface fatigue crack. 
The beach marks are produced from the S-FEM agreed with the experiment beach mark. Besides that, 
the fatigue life of four-point bending is significant differences among experimental result. The numerical 
method or meshing process is closely related despite due to the fact. The code in S-FEM must be re-
checked if there have an incorrect parameters and values. Then, the three-point bending is produced a 
slightly differences result compared with the experimental result. The fatigue life result from S-FEM 
for three-point bending is agreed with the experiment fatigue life result. It is concluded the model of S-
FEM for four-point bending has distorted in meshing or error in S-FEM coding. Further investigations 
of the numerical method in S-FEM are required to extend the present work. 
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